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Summary: 
Concrete is the most broadly used material in construction worldwide and Reactive Powder 
Concrete (RPC, a type of ultra high performance concrete) is a relatively new member of the 
concrete family. In this work the critical parameters of RPC mix design are investigated and 
the mix design is explored through a program of concrete casting and testing. 
 
Owing to the enhanced microstructure of RPC, porosity and permeability can be significantly 
decreased in the concrete matrix. This benefits the durability characteristics of RPC elements 
resulting in a longer service life with less maintenance costs than conventional concrete. It has 
been used for high integrity radiation waste material containers because of its low 
permeability and durability. Fibre reinforced RPC is also ideal for use in long span and thin 
shell structural elements without traditional reinforcement because of its advantageous 
flexural strength. Moreover, due to improved impact resistance, RPC can be widely employed 
in piers of bridges, military construction and blast protection. 
 
There is no standard approach to assessing the impact resistance of concrete. This 
investigation utilises relatively well accepted impact equipment to evaluate the mechanical 
properties of RPC under dynamic loading. The compressive and flexural tensile strengths of 
plain and fibre reinforced RPC are investigated using a variety of specimens and apparatus. 
The dynamic increase factor (DIF) is evaluated to indicate the strain rate sensitivity of the 
compressive and flexural strength.
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 1.0 INTRODUCTION 
1.1 Background 
Concrete is a widely used construction material dominating the construction industry 
worldwide. The use of cementitious material can be traced back thousands of years ago to 
Italy, Greece, ancient Egypt and the Middle East. Portland cement, an important ingredient in 
modern concrete was first used in 1824 by Joseph Aspdin in England and the production of 
Portland cement in the modern sense began about 20 years later by Isaac C. Johnson [1]. 
According to Glasser [2] world production of concrete exceeds currently1 billions tonnes per 
annum. 
 
Although high-strength concrete is often considered a relatively new material, its 
development has been gradual over many years. High strength concrete is an important 
member of the concrete family; its first use in significant quantities in major structures was in 
the early 1960s in Chicago, USA [3]. As the development has continued, the definition of 
high-strength concrete has changed. In the 1950s, concrete with a compressive strength of 34 
MPa was considered high strength. In the 1960s, concretes with 41 and 52 MPa compressive 
strength were used commercially and in the early 1970s, 62 MPa concrete was being 
produced. More recently, compressive strengths over 110 MPa have been considered for in-
situ applications in buildings and for prestressed concrete members [4]. The concrete that was 
once known as high-strength concrete in the late 1970s is now referred to as high-
performance concrete because it has been found to be much more than simply stronger: it 
displays enhanced performance in such areas as durability and abrasion resistance. High-
performance concrete can be defined as an engineered concrete in which one or more specific 
characteristics have been enhanced through the selection and proportioning of its constituents 
[5]. Densified with small particles concrete (DSP), macro defect free concrete (MDF) and 
reactive powder concrete (RPC) have been marketed as high performance concretes in various 
countries. In 1990s, reactive powder concrete (RPC) was developed by the addition of 
supplementary material, elimination of coarse aggregates, very low water/binder ratio, 
application of superplasticizer, additional fine steel fibre reinforcement, and heat curing and 
application of pressure before and during setting. RPC compressive strengths range from 200 
to 800MPa. 
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There is a growing use of RPC owing to the outstanding mechanical properties and durability. 
RPC structural elements can resist chemical attack, impact loading from vehicles and vessels, 
and sudden kinetic loading due to earthquakes. Ultra high performance is the most important 
characteristic of RPC. The markets in which high-performance concrete applications will be 
competing are where durability characteristic dominates: any concrete structure that will have 
to face severe environmental conditions will be made with a high-performance concrete in 
order to increase its operational life. The benefits of high performance concrete are that to 
achieve each 1 MPa in a structural element capacity needs less materials when high 
performance concrete is employed [2]. In addition, the lower maintenance requirements result 
in significant economic benefit. Moreover, in the composition of RPC, a partial substitution of 
cement by silica fume (which is a waste by-product of silicon alloy) results in less cement 
consumption (and hence less greenhouse gas emission).  
 
It is anticipated that RPC will find an increasing market in structures designed for impact 
loading conditions in the near future. However, there are insufficient studies to fully describe 
its dynamic behaviour. In particular, fibre reinforced RPC possesses better ductility and 
tensile strength than normal concrete, yet there is insufficient understanding of its behaviour 
under dynamic loading. 
 
1.2 Objectives 
• To evaluate the effect of water dosage, silica fume dosage, curing methods, steel 
fibre addition and technical requirements for reactive powder concrete. The key 
factors of mix design are investigated systematically through a series of 
experiments to investigate the influence of individual constituent material 
properties on overall behaviour. 
 
• To develop an understanding of the mechanical properties of reactive powder 
concrete (with fibre and without fibre) under impact loading. 
 
• There is no standard test method to evaluate the behaviour of concrete under 
impact loading. This investigation has aimed to develop an objective and robust 
approach to evaluate the mechanical properties of concrete under impact loading 
using a drop hammer rig apparatus. 
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1.3 Layout 
 
Chapter 1 is an introduction. 
 
Chapter 2 presents a literature view. The development of reactive powder concrete is 
presented. Impact equipment used in previous studies is reviewed in this chapter. 
 
Chapter 3 describes the two most important factors – the silica fume dosage and the 
water/binder ratio. Their influence is described. In addition the effect of curing methods is 
investigated and the densities of different mix designs reported. 
 
Chapter 4 examines use of a natural mineral material – Microsilica 600 – used to replace 
silica fume in the mix. 
 
Chapter 5 presents the effect of fine sand dosage, specimen size and shape on the performance 
of the reactive powder concrete. 
 
Chapter 6 considers the enhancement of the drop rig and other apparatus in order to acquire 
more accurate and reliable data. 
 
Chapter 7 presents the comparison of the mechanical behaviour of plain and fibre reinforced 
concrete under quasi-static and impact loading. 
 
Chapter 8 is conclusions. 
 
Chapter 9 is references.
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 2.0 LITERATURE REVIEW 
2.1 Reactive Powder Concrete 
Reactive powder concrete (RPC) is a relatively new form of concrete for general applications. 
The definition of reactive powder concrete was coined by two French scientists in1994 [6]. 
According to their research the key characteristics of the material are enhancement of 
homogeneity by elimination of coarse aggregates, enhancement of the compacted density by 
optimisation of the granular mix, possible application of pressure before and during setting, 
enhancement of the microstructure by post-set heat-treated and enhancement of the ductility 
by incorporating short steel fibres. 
 
Reactive powder concrete mixes are characterized by high silica fume content and very low 
water/cement ratio. Coarse aggregate is eliminated to avoid weaknesses of the microstructure, 
the addition of superplasticizer is used to achieve a low water/binder (cement and silica fume) 
ratio and heat-treatment (steam curing) is applied to achieve high strength [7]. 
 
Owing to the fineness of silica fume and the increased quantity of hydraulically active 
components, it has been called Reactive Powder Concrete [8]. 
 
Silica fume is an essential ingredient of RPC (a by-product of the fabrication of silicon metal, 
ferrosilicon alloys and other silicon alloys) [9] [10]. The material comprises extremely fine 
particles and not only fills up the space between the cement grains, but also reacts with the 
cement. From a physical point of view, the silica fume particles appear to be perfectly 
spherical, with diameters ranging from less than 0.1 micron to approximately 2 micron, so 
that the average silica fume sphere is approximately 100 times smaller than the typical cement 
particle [9]. From a chemical point of view, the silica fume behaves as if it were a crystal of 
portlandite, Ca(OH)2 [11]. In the descriptions of the Australian Standard (AS 3582.3), silica 
fume is also known as ‘condensed silica fume’ and ‘microsilica’, and contains no less than 
85% silica dioxide (SiO2). The earliest silica fume utilisation was the use of 15% silica fume 
to replace cement in the construction of a tunnel in Oslo in 1952 [10]. Silica fume use became 
more common in the late 1970s when it was used as a supplementary cementitious material in 
concrete in Europe, and in the early 1980s in North America.  
 5     
Following work by Bache and co-workers in Denmark and a significant research effort in the 
early 1980s in other countries, silica fume was rapidly accepted as a supplementary 
cementitious material for concrete almost everywhere in the world in the following 5 years [3]. 
 
The use of superplasticizers in concrete began in the 1960s and was a milestone in concrete 
technology [12]. Using such techniques the production of concrete of high compressive 
performance and ductility was achieved, as high workability could be maintained at a very 
low water/cement ratio [13]. High fluidity and good workability can be achieved through the 
addition of superplasticizer, which enhances the microstructure of the concrete. 
2.2 Advantages of RPC 
The main advantage that RPC has over standard concrete is its high compressive strength. 
Richard and Cheyrezy [6] demonstrated RPC with compressive strengths ranging from 200 to 
800 MPa, and fracture energies up to 40kJ/m2. Other advantages include low porosity, 
improved microstructure and homogeneity, and high flexibility with the addition of fibres.  
 
As a result of its superior performance, RPC has found application in the storage of nuclear 
waste, bridges, roofs, piers, seismic-resistant structures and structures designed to resist 
impact/blast loading. Owing to its high compression resistance, precast structural elements 
can be fabricated in slender form to enhance aesthetics. Durability issues of traditional 
concrete have been acknowledged for many years and significant funds have been necessary 
to repair aging infrastructure. Reactive Powder Concrete possesses good durability properties. 
Lower porosity and capillaries account for its endurance, RPC construction requires low 
maintenance costs in its service life. RPC usually incorporates larger quantities of steel or 
synthetic fibres and has enhanced ductility and high temperature performance. This enables 
structural members to be built entirely from RPC without the use of conventional transverse 
reinforcement, relying on the RPC itself to resist all but the direct longitudinal tension [14].  
 
Several landmark RPC structures exist: 
• Sherbrooke pedestrian/cycle path bridge was erected in July 1997 in Quebec, Canada. 
It is the world’s first major structure to be built with RPC. It has a 60m span of precast 
beams [15]. 
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• The Shepherd’s Gully Creek bridge (in NSW, Australia) is a single span of 15m. It has 
a width of 21m and is on a skew of 16 degrees. It is the first RPC construction for 
normal highway traffic; it comprises four traffic lanes plus a footway [14]. 
 
• Seoul Seonyu footbridge (in South Korea) consists of two steel accesses carried by a 
Ductal® [16] arch. The span of the arch is 120 m constructed of Ductal®, an ultra-high-
performance concrete reinforced with fibres [17]. Ductal® is a commercial version of 
RPC. 
 
Cavill and Chirgwin [14] reported that for a typical beam, the RPC solution has less than 35% 
of the volume of a conventional beam and need not contain any reinforcing bars, however this 
does not completely offset the higher cost of the materials. Saving in the cost of the RPC 
solution can come from the significantly lower weight reducing the supporting structure costs 
and reducing the erection costs. Consideration of life cycle costs also favours an RPC solution. 
2.3 Development of RPC  
RPC was developed by the French engineers in the 1990s [6]. Richard and Cheyrezy 
presented the initial composition in which they eliminated coarse aggregates to enhance the 
homogeneity. The bond between the coarse aggregate and the cement paste are the weakest 
links in the matrix, so to improve strength the coarse aggregates were removed from the 
composition. However, other studies have indicated that addition of coarse aggregate does not 
necessarily reduce the compressive strength [18] [19] [20]. The use of the coarse aggregates 
led not only to the decrease in cementitious paste volume fraction, but also necessitated 
changes in the mixing process and in the consequent mechanical properties. RPC containing 
coarse aggregate was more easily fluidised and homogenized. The mixing time was found to 
be shorter than for RPC without coarse aggregates. Formulations with and without coarse 
aggregate exhibited a similar behaviour under compressive loading, although with somewhat 
different modulus of elasticity and strain at peak stress, which was dependent on the stiffness 
of the aggregates. The lower paste volume fraction and the physical resistance of the stiffer 
basalt aggregate resulted in a lower autogenous shrinkage of the RPC containing coarse 
aggregates [19]. The initial purpose of adding coarse aggregates was to reduce the cement 
usage so that the costs of construction could be lowered. Work has been undertaken where 
artificial aggregate was used to replace natural ones with clinker-aggregates resulted in an 
increase of strength (by about 20MPa) compared to natural aggregates [21]. 
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Observation of the microstructure shows that silica fume addition leads to significant 
improvement. Owing to the size of particle of silica fume (1/100 of a cement particle). Hence 
the space between cement particles can be filled by the silica fume particles. Hence the pores 
and voids can be considerably reduced in the matrix.  The porosity of RPC never exceeds 9% 
by volume in the pore diameter range of 3.75 nm to 100 micron [7]. The reaction between 
Portland cement and a supplementary cementitious materials results in a very dense 
microstructure and an improved bond between the binder and the aggregate [22]. Several 
researchers indicated that a reduced capillary porosity and changed pore size distribution are 
achieved as a result of silica fume addition [23] [24]. With reference to hydration, the reaction 
of the calcium hydroxide, produced by the cement hydration, with the silica fume, results in a 
higher content of calcium-silicate-hydrate (CSH, the main source of strength in hardened 
concrete) [25] [26]. 
 
The influence of silica fume and cement type on the performance of 200MPa RPC have been 
studied by Richard and Cheyrezy [27]. They concluded that an RPC mix with CaO·Al2O3 - 
free cement used less water and achieved higher strength than RPC mixed with CaO·Al2O3 
content cement. They also developed an understanding of the effect of superplasticizer type 
on the performance of RPC in terms of water-cement ratio and compressive strength. They 
observed that the steel fibre shape and the aspect ratio do not significantly affect the 
workability. The mechanical performances of these fibre-reinforced materials appear to be 
essentially influenced by the amount of fibres dispersed inside the cement matrix and the 
bond between the cement matrix and the fibres. Furthermore this bond depends on the fibre 
characteristics (size, shape, and surface treatment) [28].  
 
In the initial research, heat treatment and pressure before and during setting had to be applied 
to achieve a high strength. A minimum value of porosity is found to be obtained for pressed 
RPC with heat treatments between 150ºC and 200ºC in the laboratory [7].  The effect of 
curing techniques has been investigated, and specimens under steam curing resulted in the 
highest compressive strength as compared to both moist and air curing. In addition the effect 
of curing on flexural strength is not found to be the same as that on compressive strength in 
silica fume concrete [29].  
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2.4 Drop hammer rig apparatus used in the investigation of concrete 
dynamic properties 
High strain rate tests may be divided into three types, depending on the strain rate: low, 
medium or high. In the low range or quasi-static loading range, the test is essentially similar 
to a static one. In the high strain rate range, the methods of loading are of a special nature, 
including explosive, projectile loading and split Hopkinson’s pressure bar. Testing techniques 
that might be categorized as lying in the medium range are usually based on a free falling 
weight or a pendulum. The velocity of the drop hammer (see Figure 2.1) is usually no more 
than several metres per second, which results in a loading rate that is considerably lower than 
that of explosive loading, but higher than that achieved with high rate universal hydraulic 
testing machines. This type of test is most commonly used for the characterization of the 
dynamic properties of cementitious materials [30]. The Split Hopkinson Pressure Bar is a 
universal experimental technique used in the research of the constitutive laws of materials at 
high strain rates. The use of the compressive Split Hopkinson Bar to determine the rate 
sensitivity of concrete has been reported by Gong et al. and Tang et al. [31] [32]. The 
technique yields good results for cementitious materials under dynamic loading. However, the 
input bar imposes a limitation to the maximum force for a given impact velocity because of 
the linear relationship between the stress and the particular velocity for a wave. Consequently, 
the split Hopkinson pressure bar cannot achieve a failure stress for concrete specimens at 
medium strain rates [33]. Pendulum devices (such as the Charpy test see Figure 2.2) have 
been applied in the testing of fibre reinforced composites under impact loading by Banthia et 
al. [34] [35]. Such Charpy test pendulum devices were originally developed to test small 
metal specimens [4] and were subsequently adopted for the study of fibre reinforced concrete 
by increasing the specimen size [36] [37]. A universal standard technique for testing concrete 
under impact loading does not exist [38]. Drop weight impact machines have been developed 
for testing concrete and have proved to provide reliable results compared to other methods. 
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Figure 2.1 Schematic of modified Charpy test device [35] 
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Instrumented 
striking tup 
345 kg mass 
impact 
hammer 
Hoist
Support (anvils) 
Figure 2.2 An instrumented drop weight impact machine [30] 
 
The influence on results of various loading devices has been investigated and a wide gap 
exists among the different techniques. This is not only because of the heterogeneous nature of 
concrete-like materials or the different specimen dimensions used but also because of the 
unavoidable imprecision of the loading and measuring devices [39]. Furthermore, Banthia et 
al. [38] concluded that the different methods of loading, the different energy-loss mechanisms 
and the different ways of analysing the results all resulted in incomparable data when 
obtained through different methods.
 
 3.0 INFLUENCE OF MIX PARAMETERS ON 
COMPRESSIVE STRENGTH 
 
The influence of key mix design parameters is examined in this section. The silica fume 
dosage and water/binder ratio are the two most important factors in mix design. They can 
significantly affect the pozzolanic reaction in concrete and the workability of the concrete. 
The curing procedures also have an impact on the compressive strength of the concrete. The 
effect of steel fibres on compressive strength is investigated. 
3.1 Effect of dosage of silica fume and water/binder ratios on the 
compressive strength  
The silica fume was supplied by Australia Bisley & Company Pty. Ltd. (Table 3.1 shows the 
silica fume analysis) (tests were conducted in accordance with AS/NZS 3582.3 
Supplementary cementitious materials for use with Portland and blended cement part3: 
amorphous silica). 
Parameters Specification Actual results 
SiO2 85.0% min 91.9% 
Moisture Content 3.0% max 0.8% 
LOI 6.0% max 3% 
Available Alkalis Optional 0.4% 
Sulfuric Anhydride 3% max 0.6% 
Chloride No limit 0.05% 
Relative Strength 105% min 125% 
Bulk Density (kg/m3) No limit 545 
BET Surface area No limit 22.2m2/g 
 
Table 3.1 Silica fume analysis (source: from supplier) 
 
Five different doses of silica fume have been used to explore the influence on the mechanical 
properties of RPC. The effect of water quantity has also been investigated using four 
water/binder ratios. The design mix adopted in the previous studies at RMIT [17] was the 
starting point (Table 3.2). Superplasticizer containing water was accounted for in the 
calculation of the water/binder ratio.  
Materials For 1 m3
Cement (GP) 955 kg 
Silica fume by weight of cement 
Fine sand(50N) 1100 kg 
Superplasticizer (Glenium 51) 60 L 
Water by weight of binder 
Table 3.2 Mix design 
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The cement used was general purpose Portland cement conforming to Australian Standard 
3972. It was supplied packed in 20kg bags. The fine brown-yellow sand was sufficient quality 
so as not to require washing (Table 3.3). 
 
size of sieve % passing 
0.355mm 98.8 
0.300mm 88.9 
0.250mm 68.6 
0.212mm 45.9 
0.150mm 28.9 
0.106mm 0.6 
0.075mm 0.5 
 
Table 3.3 Gradation of fine sand 
            
A liquid superplasticizer (commercial name: Glenium 51) was employed. Glenium 51 is a 
polycarboxylic ether (PCE) based superplasticizer, which does not contain chlorides and 
complies with AS 1478.1 2000 Type HWR and ASTM C494 Types A and F. The standard 
gravity of Glenium 51 is 1.095kg/l with 65% water content by weight.  
 
The cylinder specimen sizes were 75mm diameter and 150mm long. The demoulded 
specimens were longer than 150mm, and the top surface was cut off to conform to the 150mm 
length using a diamond saw. Cylinders were covered by a pair of steel cavity plates 
containing rubber mats at each end [40] (Figures 3.1 and 3.2).  
 
 
 
Figure 3.1 Cylinder specimen fitting into steel plate 
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 Rubber mat 
 
Figure 3.2 Specimens cover plate with rubber mat 
 
20 batches of RPC were mixed using a small bench-top machine, with a capacity of 20 litres. 
The mixing procedure was: firstly, add approximately 80% of the water, all of superplasticizer 
and all of dry materials into the mixing bowl and mix for 7 minutes; secondly, add the 
remaining water and mix until a visually acceptable mix was obtained. A vibration table was 
used to compact the fresh concrete for approximately 3 minutes. Compressive strength was 
determined as a mean of three tests.  
 
 
All specimens were demoulded after 24 hours following casting and then curing. After curing 
the top surface was cut off to leave a specimen 150mm in length. 
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Figure 3.3 Effect of silica fume dosage (after 3 days 20ºC water and 1 day 90ºC HWB curing) 
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Figure 3.3 indicates generally that the compressive strength tends to decrease as the silica 
fume dosage increases, although the mixture of 0.14 water /binder ratio did not match this 
trend. It could be explained by the mixture not mixing well and not casting well due to a very 
low water/binder ratio. During the process of this mix, to guarantee good mixing it was 
 
necessary to extend the mixing time. Longer mixing time means more water evaporating it 
make worse in mix. The highest compressive strength occurs for dosages of 15% to 20% 
silica fume addition. The compressive strength is seen to fluctuate in the range of 15 % to 
35% of silica fume regardless of water/binder ratio. In those 20 batches, the strength of 
concrete when applying 15% silica fume and 0.16 water/binder ratio is higher than for other 
mix designs. Its compressive strength was over 136MPa. The strengths with 25% to 35% 
silica fume are considerably lower than for 15% and 20% silica fume. The explanation is that 
the additional silica fume needs more superplasticizer to disperse in fresh concrete [41] – a 
fixed quantity of superplasticizer is employed in the 20 batches. The 25% and 35% silica 
fume contents show lower strength than optimum silica fume contents.  
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Figure 3.4 Effect of water/binder ratio on compression 
 
Figure 3.4 shows effect of water/binder ratio on compressive strength through these 20 
batches cast. The ultimate strengths are lower with a water/binder ratio of 0.14 than for a ratio 
of 0.16 regardless of the silica fume dosage. More water addition results in higher workability 
and improved compactness of the fresh concrete, consequently a higher strength was obtained. 
The exception is with 30% of silica fume although this can be explained as rogue result. 
Overall, the mix designs with water contents of 16% and 18% exhibit higher compressive 
strength. 
3.2 Influence of curing method 
Three curing methods were applied: immersing in 20ºC water, 90ºC oven treatment (dry 
environment) and 90ºC Hot Water Bath (HWB). The effect of curing and treatment at various 
ages is also is investigated.  
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Specimens were demoulded after approximately 24 hours following casting and curing as 
above. Concrete with a silica fume content of 24% of cement by weight was used to explore 
the effect of standard water curing and hot water curing at various ages.  
20ºC water curing
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Figure 3.5 20ºC water curing 
 
The effect of immersing in water at 20ºC is shown in Figure 3.5; the strength of specimens is 
seen to increase in the first two weeks. However, the strength increases slightly from 14 to 28 
days. Previous work suggests that the strength increases rapidly within the first three weeks of 
curing at 20ºC in water for any silica fume content. [42].  
90ºC water curing
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Figure 3.6 90ºC water curing 
 
Similar specimens were initially cured in 20ºC water for 3 days then cured in a Hot Water 
Bath (HWB) at 90ºC. The strength is seen to grow slightly with time. At this high temperature, 
the hydration process is improved and hence hot water curing is seen to improve the 
compressive strength compared to the standard curing method. Also, the 90ºC water curing 
led to the acceleration of the curing process. Hot water curing is understood to result in higher 
ultimate compressive strength due to the effect of increasing pozzolanic activity of the 
concrete [43]. One day HWB curing almost achieved 95% strength of the specimens that were 
cured for 7days.  
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The standard curing and accelerated curing were applied to 20 batches of RPC with a variety 
of silica fume contents and water/binder ratio. The procedures for standard and acceleration 
curing are shown in Figure 3.7. 
 
 
Figure 3.7 Standard and acceleration curing procedures 
 
Cast specimens as described in Table 3.4 were treated by standard and accelerated mode and 
the results are displayed in Figure 3.8.  
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Figure 3.8 Comparison of accelerated (6-day test) and standard (28-day test) curing 
 
Water binder ratio  
0.14 0.16 0.18 0.20 
0.15 A B C D 
0.20 E F G H 
0.25 I J K L 
0.30 M N O P 
Dosage of 
silica 
fume 
0.35 Q R S T 
 
Table 3.4 Dosage of silica fume and water/binder ratio 
 
Accelerated curing yielded higher compressive strength compared to the standard procedure 
for low silica fume contents (15% and 20% silica fume additive A-H). However, it was found 
to fluctuate for high silica fume content (25%, 30% and 35% silica fume additive I-T). The 
mixes with low silica fume exhibited an accelerated reaction rate under high temperature 
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curing. However, the mixing did not perform well for high silica fume content. The silica 
fume does not fully react when there is a high silica fume dosage.  
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Figure 3.9 Effect of curing methods (specimen air curing 1 day in mould before other curing)  
 
The effects of prolonged HWB and 90ºC oven curing are presented in Figure 3.9. It shows the 
effect of two curing methods for different ages. Undoubtedly, the 28-day test specimens 
demonstrate a higher compressive strength than the 7-day test specimens. The specimens 
undergoing 3 days 20ºC water bath and then 3 days 90ºC HWB exhibit a higher compressive 
strength than those of 28 days standard curing. The highest compressive strength was 
observed in specimens following 3 days of 20ºC water bath and then 24 days of 90ºC HWB. 
The compressive strength increases as the period at 90ºC increases. This indicates that an 
extended exposure at 90º increases the compressive strength regardless of a moist or a dry 
environment. The specimens exposed to 3 days of 20ºC water bath and 1 day of 90ºC HWB 
curing demonstrated a higher compressive strength than oven curing at the same age. The hot 
water environment is beneficial for the cement hydrate reaction. 
3.3 Effects of silica fume, water dosage and curing methods on density and 
mixing time. 
In this section, the influence of silica fume content and water/binder ratio on the density and 
mixing time is discussed. Densities were measured following curing and cutting of the top-
surface.  Two curing regimes were applied (see Figure 3.7).  
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Densities following standard curing (28 days)
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(b) 
Figure 3.10 Effects of silica fume contents and water/binder ratios on specimen densities: (a) 
accelerated method; (b) standard curing method. 
 
Figure 3.10 shows the influence of curing on density. In spite of the scatter shown by the data 
the clear tendency is a decrease of density with an increase of silica fume content and 
water/binder ratio. Similar results have been recorded by previous researchers [44]. This 
occurs for both accelerated curing and standard curing. One explanation is that the relative 
density of the paste decreases with increasing water/binder. The explanation of an increase in 
silica fume resulting in a reduction of density is that cement has a larger density than silica 
fume.  
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Mixing time is not an important issue with traditional normal strength concrete because of the 
relatively high water/cement ratio. However, it is believed that the industrial application of 
 
superplasticized concrete is hindered by the longer necessary mixing time [44]. Chopin et al. 
[45] reports that the mixing time can be reduced by increasing the fine particle content (with a 
constant water/cement ratio), increasing the total water, and replacing part of the cement with 
silica fume.  
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Figure 3.11 Relationship of mixing time to silica fume content and mixing time 
 
The mixing machine used was a 20 litre capacity bowl mixer. The mixing procedure was: 
pour approximately 80% water and all of the superplasticizer into the bowl, then add all the 
dry material into the bowl and mix for 7 minutes, before adding the rest of the water and mix 
until a visually acceptable mix was obtained. “Visually acceptable” is defined as a dry 
material being bound into a cohesive dough without any visible separate material. Figure 3.11 
shows that the mixing time is reduced as the water/binder ratio increases. However, the effect 
of silica fume content does not significantly influence mixing time.  
3.4 The effect of steel fibre addition on compressive strength 
 
Plain and fibre reinforced mixtures were cast to evaluate the influence of fibre addition on 
compressive strength. The quantity of fibre was 1.5% of the mixture volume. All dry material 
was blended first in the mixing machine except for the steel fibre, and then the steel fibres 
were introduced gradually to ensure a maximum dispersion. Subsequently, the liquid 
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materials were added and following mixing, cast into moulds. The straight steel fibres were 
brass-coated, with a density of 7850 kg/m³, a length of 13mm, a diameter of 0.2mm and an l/d 
ratio of 65. The cross section of the fibre was circular.  
 
Figure 3.12 Microscopic photograph of a steel fibre 
 
 
Figure 3.13 Steel fibre (unit: mm) 
 
The specimens were cured in a 20ºC water bath and one batch was then heated dry for 1 day 
at 90ºC. The compressive strengths are compared in Figure 3.14.  
 20     
Compressive strengths of plain and fibre reinforced RPC
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Figure 3.14 Compressive strength of plain and fibre reinforced RPC 
 
The effect on compression strength of fibre addition is found to be small regardless of the 
curing method and age. Other workers have reported that fibres do little to enhance the static 
compressive strength of the concrete, with an increase in strength ranging from zero to 
approximately 25% [46] [47] [48] [49] [50]. A small strength decrease has been observed for 
mortars reinforced with fibres by Beaudoin [51]. Beaudoin concluded that there is no 
consensus on the effect of discontinuous fibre inclusions on the compressive strength of 
cement system, and compressive strength results for concrete reinforced with discontinuous 
steel fibre are not consistent. The effect of fibre reinforcement on the compressive strength 
under impact loading will be discussed in Chapter 7. 
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 4.0 COMPARISON BETWEEN MICROSILICA 600 AND 
SILICA FUME 
Silica fume is a by-product of the ferrosilicon alloys industry. Silica fume output volume and 
quality cannot be guaranteed by the industry. Efforts are being taken to explore replacement 
options for silica fume by substituting other mineral materials. The possibility of substituting 
silica fume by Microsilica 600 is investigated in this chapter. 
4.1 Introduction 
Microsilica 600 is a naturally occurring mineral material with a main component of natural 
amorphous silica.  The NZ Standard NZS 3122: 1995 classifies Microsilica 600 as “silica 
fume”. Microsilica 600 complies in all respects to this standard, and also meets the 
performance requirements of the Australian Standard AS358.2 Silica fume [52]. 
 
Parameters Actual Results Specification Test Method 
Sulphuric Anhydride (SO3) 0.2% Max 1.0% CSA CAN3-A5
Loss in Ignition (LOI) 5.4% Max 6.0% ASTM C311 
Silica (SiO2) 87.9% Min 85% ASTM C114 
Accelerated pozzolanic activity index 119% Min 85% ASTM C311 
Soundness <0.1% Max 0.2% ASTM C311 
Fineness retained on 45 Micron sieve 4.8% Max 10% CSA CAN3-A5
 
(a)  
 
Particle Size Analysis 
Microns % 
100 100 
50 99.6 
20 97.9 
10 94.5 
5 84.6 
2 55.6 
1 35.0 
0.4 12.2 
 
(b) 
Table 4.1 Microsilica 600 analysis: (a) Chemical analysis; (b) Particles distribution [51] 
 
Microsilica 600 is cream-coloured fine powder with a bulk density of approximately 
610kg/m3. Microsilica 600 is a relative new material to be used high in performance concrete. 
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Silica fume content was replaced by Microsilica 600 in a range of mix designs to explore its 
influence on compressive strength. 
 
4.2 Compressive strength 
 
Concrete specimens with 15% Microsilica 600 were tested at two ages under different curing 
regimes: The 7 days 20ºC water bath produced a compressive strength of 82.75MPa with 15% 
of Microsilica 600 compared to 90.27 MPa with 20% of silica fume. 3 days 20°C water bath 
followed by 1 day 160°C oven (dry environment) produced a compressive strength of 
131.14MPa with 15% of cement Microsilica 600 added. These values were similar to those 
obtained using silica fume (densified) specimens.   
 
Supplementary 
material 
Specimens 
with 15% 
silica fume 
Specimens with 
20% silica fume 
Specimens with 15% of 
Microsilica 600 
Curing regime 
3 days 20°C 
water bath  
and 1 day 
90°C HWB 
7 days 20ºC water 
bath 
7 days 
20ºC water 
bath 
3 days 20°C 
water bath   and 
1 day 160°C 
oven 
Compressive 
strength 136.39MPa* 90.27 MPa 82.75MPa 131.14MPa 
*Highest compressive strength achieved with 15%  silica fume 
 
Table 4.2 Effect of supplementary material on compressive strength 
     
Fineness and Silica (SiO2) contents are the most important parameters in silica fume; 
Microsilica 600 exhibits similar fineness and SiO2 content to silica fume and the resulting 
compressive strength of the concrete is similar. Microsilica 600 specimens demonstrate 
comparable compressive strength following similar curing procedures. Consequently, 
Microsilica 600 can be used in RPC to replace silica fume in composites.   
 
The supply of Microsilica 600 is more reliable and the quality more standardised than silica 
fume. However, silica fume quality depends upon the supplier and production procedures. 
Even the same manufacturer supplies differ in quality from batch to batch. The SiO2 content 
of silica fume is found to vary depending on the type of alloy produced [5].  Aitcin 
recommends that it is very important that the chemical composition of any commercial silica 
fume is checked on a regular basis in order to ensure consistency. Microsilica 600 offers a 
useful and reliable substitute for silica fume.
 23     
 5.0 EFFECT OF FINE SAND, SPECIMEN SIZE AND SHAPE 
ON COMPRESSIVE STRENGTH 
Specimens using finer sand are compared with normal (coarse) sand in this chapter. Three 
geometry moulds were used: 50mm cube, 50mm diameter 100mm long cylinders and 75 mm 
diameter 150mm long cylinders. 
5.1 The influence of normal sand and fine sand on compressive strength 
Fine sand is used as the fine aggregate in RPC. An investigation was undertaken to explore 
the influence of fine sand on compressive strength compared with normal sand. The quantity 
of fine sand was adjusted to assess its effect on the compressive strength. 
 
Normal sand Fine sand 
Sieve size Mass passing Sieve size   Mass passing 
4.75mm 100.00% 0.355mm 98.8% 
2.36mm 84.53% 0.300mm 88.9% 
1.18mm 63.61% 0.250mm 68.6% 
600µm 45.84% 0.212mm 45.9% 
300µm 25.18% 0.150mm 28.9% 
150µm 8.41% 0.106mm 0.6% 
75µm 3.60% 0.075mm 0.5% 
 
Table 5.1 Normal sand and fine sand gradation 
 
Materials For 1 m3
Cement (GP) 955 kg 
Silica fume (15% of cement) 143 kg 
Fine aggregate (Normal or fine sand) 1100 kg 
Superplasticizer (Glenium 51) 60 l 
Water (W/B=0.14) 114.72 kg 
 
Table 5.2 Mix design (based on the previous studies in RMIT) 
 
The specimens were cured for 3 days in 20ºC water and 1 day 90ºC HWB. The fine sand and 
normal sand compressive strengths were found to be 121MPa and 85MPa respectively. The 
concrete containing fine sand yielded much higher strength than the normal alternative. The 
fine sand particle sizes are smaller than the normal particles (see Table 3.3 Gradation of fine 
sand in chapter 3). This means that the smaller particles of fine aggregate are able to provide a 
denser matrix. 
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Four fine sand dosages were used to evaluate the effect on compressive strength: 1320kg, 
1100kg, 880kg 550kg per cubic meter. Figure 5.1 shows that the compressive strength 
increases as the dosage of sand decreases from 1320kg/m3 to 1100kg/m3 but decreases with a 
decrease of sand dosage in the range of 1100kg/m3 to 550kg/m3. The greatest compressive 
strength is achieved with 1100kg of sand addition. 
Effect of sand dosages on compressive strength
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Figure 5.1 Effect of sand dosage on compressive strength 
 
5.2 Effects of specimen size and shape on compressive strength 
Three moulds were employed to explore the effect of specimen size and shape on 
compressive strength: 50mm cube, 50mm diameter 100mm long cylinder and 75 mm 
diameter 150mm long cylinder. 50mm cube specimens were tested between steel plates 
without any capping. Cylinder specimens tested with rubber mat capping as described in 
Chapter 3. 
 
Figure 5.2 Cube specimens test 
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Figure 5.3 50mm cylinder compression cap showing rubber mat 
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Figure 5.4 Effect of shape and size 
 
The compressive strengths are presented in Figure 5.4. The results show that 75mm cylinders 
produce a compressive strength greater than 50mm cylinders, and 50mm diameter cylinders 
produce a greater strength than 50mm cubes. When testing high-performance concrete in the 
form of cubes, it has been observed by others that the parallelism of the two faces on which 
the two platens of the testing machine apply the load is critical [6]. The lateral sides (non-cast 
sides) of cube specimens are used to undertake the compression test due to their relatively 
parallel surfaces. The cube specimens were tested without capping. The cylinder specimens 
were tested with capping as described in Chapter 3. In the cylinder group, the greater 
compressive strength was achieved by the larger cylinders. Many previous researches have 
indicated that the effect of cylinder size is not significant on compressive strength (by 
comparing with 100×200mm and 150×300mm (diameter×length) specimens) [53]. 50mm 
cylindrical specimens produced a smaller compressive strength than 75mm cylinders. 
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Strengths of cube and cylinder specimens-Accelerated curing
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Strength of cube and cylinder specimens-Standard curing
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Figure 5.5 Effect of specimen size on compressive strength: (a) accelerated curing (b) 
standard curing 
  
Figure 5.5 presents the compressive strength of cube (50mm) and cylinder (75×150mm) 
specimens under accelerated and standard curing regimes. The cylinder specimens perform 
better than cube specimens except for cast E under standard curing. 
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Accelerated curing Standard 28days curing 
Cubes Cylinders Cubes Cylinders 
Cast MPa SD SD/MPa MPa SD SD/MPa MPa SD SD/MPa MPa SD SD/MPa
A 58 15.17 26% 121 9.63 8% 57 5.48 10% 104 18.63 18% 
B 68 17.64 26% 136 4.99 4% 52 7.00 13% 125 5.43 4% 
C 52 6.36 12% 123 17.29 14% 60 2.97 5% 117 10.38 9% 
D 83 6.55 8% 113 22.65 20% 50 8.34 17% 87 21.49 25% 
E 47 10.37 22% 78 16.55 21% 48 4.75 10% 37 11.01 30% 
F 67 9.43 14% 128 10.70 8% 70 17.43 25% 105 26.66 25% 
G 62 9.66 16% 127 6.44 5% 80 17.81 22% 118 9.48 8% 
H 72 20.49 29% 116 1.63 1% 63 5.04 8% 110 7.83 7% 
I 63 14.17 23% 124 17.86 14% 66 2.91 4% 91 5.81 6% 
J 74 10.42 14% 96 15.90 17% 65 12.04 18% 104 4.19 4% 
K 67 22.67 34% 116 12.03 10% 73 27.47 38% 104 12.71 12% 
L 56 9.06 16% 90 8.30 9% 56 5.73 10% 90 14.33 16% 
M 69 10.35 15% 119 18.07 15% 74 11.73 16% 132 17.91 14% 
N 69 5.71 8% 85 27.24 32% 64 3.01 5% 98 10.26 10% 
O 67 0.69 1% 111 6.94 6% 69 11.15 16% 108 12.03 11% 
P 74 7.46 10% 108 3.05 3% 70 18.64 27% 106 10.54 10% 
Q 75 12.45 17% 96 13.18 14% 79 17.39 22% 86 20.61 24% 
R 68 6.54 10% 113 4.94 4% 66 3.65 6% 102 2.66 3% 
S 67 4.28 6% 105 9.76 9% 76 15.43 20% 110 1.66 2% 
T 66 7.42 11% 104 4.89 5% 71 2.49 4% 91 8.50 9% 
Mean   16%   11%   15%   12% 
 
Table 5.3 Effect of specimens shape on compressive strength 
   
Table 5.3 presents compressive strengths, standard deviations (SD) and SD/compressive 
strength ratio of 50mm cubes and 75×150mm cylinders for two curing regimes. Standard 
deviation is calculated from three specimens. Cylinders show a greater compressive strength 
than cube specimens with a SD/compressive strength ratio smaller than the value for cubes. 
The results of cube testing are more scattered than cylinder tests. It can be seen that the values 
obtained from cylinder specimens are more reliable than cube ones. This can be attributed to 
the rubber mats applied to the cylinder samples during the process of compression. The cube 
samples did not have any capping. Other workers have found that it is difficult to maintain 
sufficient parallelism of the lateral faces of the cube specimens even though they are cast in 
steel moulds [8]. Others have also observed that the number of shear failures increases 
significantly as the strength of the concrete increases when high-performance concrete is 
tested in the form of cubes [9].  
 
The cylindrical specimens offer more reliable results than the cubic specimens. 
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 6.0 DEVELOPMENT OF DROP HAMMER RIG 
A drop hammer rig was constructed to investigate the properties of concrete under impact 
loading. This section describes its construction and subsequent modifications to achieve 
reliable data. A steel fibre reinforced concrete slab was cast as a platform to enhance the 
stability of the specimens and to control stress waves. 
 
A transmission bar was fabricated with strain gauges to quantify the impact load and 
accelerometers were used to gain an insight into the operation of the rig.  
6.1 Development of drop hammer rig and its accessories 
The apparatus is approximately a 5 m high steel track with a hammer, an electrical-magnetic 
release and winch system. The drop hammer weighs 30.1 kg, is 2 m long and has a diameter 
of 51 mm (2 inch). Its low end is hemispherical and the top end incorporates a steel ring that 
is used to raise the bar. The bar is released using the magnetic release. 
 
The hammer is guided by four bolts which are contained within the tracks. 
 
 
Magnetic release 
Drop hammer
Guide
Winch
Figure 6.1 Drop hammer rig 
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Figure 6.2 Tracks in the rig 
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Figure 6.3 The drop hammer in the rig guides 
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Figure 6.4 Cast concrete slab as the target platform 
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 Figure 6.5 Section through of the concrete 
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The concrete target slab was cast using fibre reinforced high performance concrete. A steel 
mesh was included to enhance its impact resistance and durability. Its dimensions were 
600×600×200mm. A design steel plate was cast into the top surface of the slab to act as the 
target/support. The under side (cast into the slab) of the base plate was fixed using eight bolts 
in two rows to resist rebound force when it is struck by the drop hammer (see Figure 6.6). The 
bolts were approximately 80mm long. 
 
 
Holding-down bolts
Figure 6.6 Under side of steel plate showing holding-down bolts 
 
 
A pair of fixing plates and cover plates were fabricated to improve data accuracy and to 
protect cables. The load cells were sheltered by cover plates. Load cells (under each support) 
were held in place by steel plates and a small pre-compression applied. A pair of cable shields 
were incorporated to provide protection. The cable shields were fixed on the base plate by 
screws.  
 
 
Slot for load cell
 
Figure 6.7 Fixing plate 
 
 
 
Figure 6.8 Load cell cover-plate 
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Figure 6.9 Load cell in position 
 
A steel roller (diameter 25mm) was placed on each cover plate to act as supports for beams. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Steel rollers and 
cover plate
Fixing plates
 Figure 6.10 All settled equipments 
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Load cells 
Rollers 
Beam
Figure 6.11 Load cells 
 
 
 
 
 
 
 
 
 
 
Two types of target platform support system were investigated: one timber support and one of 
fine sand. 
 
The timber support comprised two pieces of timber supporting the concrete slab. The 
experiment results indicated that it was not a good support system. The timber support did not 
absorb sufficient impact vibration. The test platform and timber supports rebounded from the 
floor following impact. The entire test system moved after each test. Consequently, noise was 
produced in the experimental data and the analysis process was complicated. The test system 
needed relocation after each test. An alternative of fine sand under the test platform was 
trialled (30-40mm thickness fine sand). The fine sand absorbed vibration and avoided any 
bounce of the test platform. Consequently, the quantity of noise was reduced in the acquired 
data. The slab alignment was measured using a spirit level before each test. 
 
 
Figure 6.12 Fine sand support 
Sand
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.2 Transmission bar, strain gauges and accelerometers 
The transmission bar is stationary and used to transfer the force when it is impacted by the 
moving (dropping) bar (see Figure 6.13). The transmission bar was fabricated from a steel bar 
of the same diameter (51mm) as the drop hammer. The length was 500mm, with two flat ends. 
As for the drop hammer, the transmission bar was threaded with two bolts to hold it in 
position in the tracks. The transmission bar can be slid into the tracks in the rig. In the 
moment of transmission bar is hit by the drop hammer, the bar is guided and induced by 
tracks and bolts to move vertically without tilt. 
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Impact bar
Guide bolts
Transmission bar
 
Figure 6.13 Transmission bar  
 
A pair of strain gauges was attached parallel to the bar’s longitudinal axis on opposite sides of 
the bar.  
 
 
 
 
 
 
 
 
 Figure 6.14 Strain gauges (Type: KFG-30-120-C1-11) 
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Figure 6.15 Beam test schematic
Load cells 
Drop hammer 
Attenuator
Transmission bar 
Strain gauges 
Steel roller 
Tested beam 
Concrete slab
Bolts
 
 
 
Two sets of data were obtained in each impact experiment, one set from load cells and the 
other one from the strain gauges. Theoretically, the force calculated from the strain gauges 
should equal the sum of forces calculated from the two load cells (see Figure 6.15). Data was 
recorded by a PC through a high-frequency (up to 1MHz) data recorder and conditioner. The 
software WaveView was employed for data acquisition and Excel was used to analyse the 
data and draw graphs. Accelerometers were attached to the test platform to record the 
response. The accelerometer was screwed into a steel block which was glued onto the base 
plate. The attenuator is made of small square fibreboard, which sits on the top of the 
transmission bar. Each attenuator is used once only. 
 
 
 Accelerometer
Figure 6.16 Accelerometer 
 
Impact loading is transmitted through the transmission bar to the specimens. The test set up is 
with one load cell fixed to the base plate. The specimen is stood on the cover plate, and the 
transmission bar stood on the specimen (see Figure 6.17 and Figure 6.18).  
 
 
Transmission bar 
Concrete p
 
 
rism 
 
 
 
 
 
 
Figure 6.17 Compression under impact loading   
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Drop hammer 
Attenuator 
Bolts 
Strain gauges 
Tested prism 
Load cell 
Transmission
 
 
 
 
  bar
Cover plate 
Figure 6.18 Compression test schematic 
 
 
 
 
 
 
 
25×25×50mm prisms were employed for these tests.  A 50mm cube was cut into 4 prisms as 
shown in Figure 6.19. 
 
 
Figure 6.19 Cube cut into prisms 
Cast top sid
 
 
 
 
 
 
 
 e 
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 7.0  BEHAVIOUR OF RPC UNDER IMPACT LOADING 
 
Test methods for concrete properties under impact loading: explosive tests, projectile impact 
tests, drop weight impact tests and Charpy impact tests are  reviewed by Suaris and Shah [54]. 
A review of literature on dynamic testing of concrete is provided below. 
 
The drop weight (hammer) rig was used to investigate the flexural and compressive strength 
of fibre reinforced and plain RPC under impact loading. 280×70×70 beams were used for 
flexural tests and cylinders (75×150mm), 50mm cubes and prisms (25×25×50mm) for 
compressive strength tests.  
 
Tests were conducted using the drop hammer rig and the universal hydraulic test machine 
(MTS). Both plain and fibre reinforced specimens were tested. 
 
7.1 Review of impact properties on cementitious materials 
 
Explosive tests, projectile impact tests, drop weight impact tests and Charpy impact tests have 
been reviewed by Suaris and Shah [54]. Nanda and Hannant reported that plain concrete 
failed after 5 blows while concrete reinforced with 5% steel fibres withstood up to 100 blows 
[10]. Dixon and Mayfield report an increase in the number of blows required when concrete 
was reinforced with 1% by volume of steel fibres [3]. More researchers investigated 
mechanical properties of concrete under impact/dynamic loading by observing the: number of 
blows to result in the appearance of the first visible crack in specimens [55] [56]. 
 
Many researchers have concluded that fibre reinforced concrete exhibits better impact 
resistance than plain concrete [35] [57]. Following impact by projectiles fibre reinforced 
concrete is observed to show less damaged area than plain concrete [58]. Fibre reinforced 
concrete is found to perform better than traditional steel bar reinforcement concrete in high 
velocity projectile experiments [59]. Hybrid fibre reinforced concrete is found to offer 
increased shatter resistance with reduced scabbing, spalling, fragmentation, and zone of 
damage and exhibits better energy absorption through distributed microcracking [60]. The 
effect of strain rates on the flexural properties of plain concrete and fibre reinforced concrete 
has been investigated by Gopalaratnam and Shah [57]. They concluded that fibre 
reinforcement concretes are more rate-sensitive than plain concrete. The effect of strain rate in 
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concrete tension has been reviewed by Malvar and Ross [61]. They reported a Dynamic 
Increase Factor (DIF) of about 7 in the highest experimental strain rate. The flexural strength 
of fibre-reinforced concrete, regardless of fibre type and geometry, was found to be higher 
under impact loading than under quasistatic loading [62]. They also reported a reduction in 
the energy absorption capacity of steel fibre reinforced concrete under impact loading, and 
that fibre pullout was a predominant mode of failure under both quasistatic and impact 
loading. 
 
Steel fibre reinforced concrete (SFRC) with relative high static compressive strength has been 
tested at strain rates between 20 and 100 s-1 using a split Hopkinson’s pressure bar [63]. It was 
concluded that the unconfined uniaxial compressive strength of SFRC increases with strain 
rate in the same way as plain concrete. Similar conclusions are drawn by other investigators. 
A DIF of 3.14 was obtained in the compression experiments in plain concrete using split 
Hopkinson’s pressure bar by Ngo et al. [64]. The behaviour of mortar has been found to be 
significantly rate-sensitive in compression in the strain-rate range of 10-3-1700 s-1. Both 
tension and compression strengths increase with strain rate and exhibit a critical strain rate 
beyond which a large increase in strength occurs [65]. 
 
7.2 Flexural strength of plain and fibre reinforced RPC under impact 
loading 
 
Flexural strengths of plain and fibre reinforced Reactive Powder Concretes are compared 
under quasistatic and impact loading in this section using beam specimens. The MTS machine 
was used to investigate the flexural strength under quasistatic loading, and the drop hammer 
rig was used for higher rate tests. 
 
The size of beam specimens was 280×70×70mm. The span of the beam was 210mm in both 
quasistatic and impact tests. Specimens were supported on rollers. 
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Figure 7.1 Flexural test in the MTS 
 
In the impact loading experiments using the drop rig, a 12.5mm thick attenuator of fibre board 
is employed to control the rate and magnitude of loading. Each attenuator is used only once. 
The beams were tested on their side relative to the casting orientation (see Figure 7.1 and 
Figure 7.2). 
 
  
 
 
  
 
 
  
 
 
There was sufficient clearance under the beam to allow all specimens to break completely.  
 
210mm
Cast (top) 
surface 
Figure 7.2 Test direction and span 
7.2.1 Test procedure 
 
The quasistatic loading experiments were conducted in the MTS machine. The dynamic 
increase factor (DIF) is calculated on the basis of quasistatic loading results. 
 
The MTS machine was used for low speed dynamic tests. The nominal loading rate can be set 
through the software on the controlling PC. The nominal loading rates range from 20 kN/min 
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(quasistatic loading) to 2500kN/s. In the experimental process, the loading rate varied 
depending on the specimen characteristics. Loading rate is also determined by the test 
specimen. The actual loading rate was recorded from the data log.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4 shows a typical time versus loading graph for the MTS. The actual loading rate is 
the gradient of the curve. Generally, the actual loading rates do not always agree with the 
preset values in the control software due to machine hydraulic limitation. The rate depends on 
the specimen ultimate strength. The actual loading rate was calculated from the recorded data.  
Time vs. loading by MTS
0
100
200
300
400
500
9 9.2 9.4 9.6 9.8
Second
kN
 
Figure 7.4 Calculation of loading rate - typical loading chart by MTS 
 
When assessing loading rate from load cell data the shape of the curve (time vs. load) was like 
a parabola. Two approaches to determine the loading rate were adopted. Mean value: the 
loading rate is obtained by dividing the peak load by the overall time from the start of the 
impact to the peak loading. Peak value: the loading rate is obtained by taking the gradient of 
the curve just before the slope reduces prior to the peak value being achieved (see Figure 7.5) 
Loading plattens
Figure 7.3 MTS test machine 
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 Peak forces and loading rates are calculated using the output from the two load cells in the 
flexural experiments.  
 
 
The method adopted for strain gauges was the same as for the load cells above. The strain 
gauge was observed to contain more noise in the data. Figure 7.6, shows a typical diagram 
plotted from the strain gauges.  
 
Time vs. load for strain gauges 
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Figure 7.6 Typical time vs. load graph for strain gauges 
 
Time vs. load for the drop rig
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Peak value
Figure 7.5 How the peak and mean value of loading rate was assessed 
7.2.2 Flexural tensile strength of plain concrete beams 
 
Under quasistatic loading, the specimens experience a very small loading rate.  
Loading rate in the terms of strain rate was assessed as follows. 
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Equation 7.1 Strain rate of beam-shape specimens in flexural experiments 
 
Where 
•ε  = Strain rate, in per second 
R = Loading rate, in kN/s 
L = Span, in mm 
B = Width of specimen cross section 
D = Depth of specimen cross section 
 
Low-rate flexural experiments (MTS)  for plain concrete 
  Flexural strength Strain rate DIF 
Specimen 1 9.02 kN 6.8E-06/s  
Specimen 2 8.24 kN 6.8E-06/s  Quasistatic loading 
Average 8.63 kN   
Specimen 1 11.11 kN 8.74E-3/s 1.29 
Specimen 2 10.05 kN 8.63E-3/s 1.16 Higher loading rate 
Average 10.58 kN  1.23 
High-rate flexural experiments (drop hammer rig) for plain concrete 
Drop height of 
drop hammer  Flexural strength Strain rate DIF 
Specimen 1 12.34 kN 0.33/s 1.44 
Specimen 2 12.30 kN 0.32/s 1.43 150 mm 
Average 12.32 kN  1.44 
Specimen 1 25.8 kN 1.36/s 3.01 
Specimen 2 24.9 kN 1.26/s 2.90 400 mm 
Average 25.35 kN  2.96 
Specimen 1 21.26 kN 1.25/s 2.51 
Specimen 2 24.9 kN 1.46/s 2.90 600 mm 
Average 23.08 kN  2.71 
Specimen 1 30.7 kN 1.98/s 3.58 
Specimen 2 25.7 kN 1.54/s 2.96 800 mm 
Average 28.2 kN  3.27 
 
Table 7.1 Flexural tensile strength tests of plain RPC in MTS and drop rig 
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Table 7.1 shows the results from the MTS machine and drop rig.  High loading rate flexural 
tensile strengths are divided by the quasistatic loading ones to work out the DIF (Dynamic 
Increase Factor). In the literature, the quasistatic loading rate varied from 10E-8 to 10E-5/s by 
Malvar and Ross [60]. In the region 10E-6 to 10E-5/s, the DIF is found to be relatively 
insensitive to the strain rate by Yan and Lin [66]. The value of 0.26 kN/s (6.8E-6/s) is adopted 
in this work. 
7.2.3 Flexural tensile strength of fibre reinforced RPC beams 
 
Beams with a steel fibre content of 1.5% by volume were used, the same size and shape as for 
the previous plain concrete specimens. 
 
Low-rate flexural experiments (MTS) for fibre reinforced concrete 
  Flexural strength Strain rate DIF 
Batch 1 
Specimen 1 24.5 kN 6.8E-6/s  
Specimen 2 23.3 kN 6.8E-6/s  Quasistatic loading 
Average 23.9 kN   
Specimen 1 22.13 kN 1.84E-2/s 0.93 
Specimen 2 26.84 kN 2.41E-2/s 1.12 Higher loading rate 
Average 24.49 kN  1.02 
Batch 2 
Specimen 1 22.03 kN 6.8E-6/s  
Specimen 2 18.11 kN 6.8E-6/s  
Specimen 3 31.28 kN 6.8E-6/s  
Quasistatic 
loading 
Average 23.81 kN   
 
Table 7.2 Flexural tensile strength tests of fibre reinforced RPC beams in the MTS 
 
Table 7.2, Table 7.3 and Figure 7.7 show the results obtained from the MTS machine and the 
drop hammer rig. Due to the enhancement of strength of fibre reinforced beams, there was a 
minimum height that was necessary to cause failure (400 mm). In the MTS, higher loading 
rates, 700-920 kN/s were achieved as compared to plain concrete (~330 kN/s).  The maximum 
drop height adopted was 1600mm and this produced strain rates ranging from 1.9 to 4.01/s. 
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High rate flexural experiments (drop hammer rig) for fibre reinforced concrete 
Drop height  Flexural strength Strain rate DIF 
Batch 1 
Specimen 1 42 kN 1.5/s 1.76 
Specimen 2 45 kN 1.88/s 1.88 400mm 
Average 43.5 kN  1.82 
Specimen 1 46 kN 1.92/s 1.92 
Specimen 2 57 kN 2.36/s 2.39 600mm 
Average 51.5 kN 1.5/s 2.16 
Batch 2 
Specimen 1 53.44 kN 1.9/s 2.24 
Specimen 2 58.69 kN 2.5/s 2.47 
Specimen 3 60.14 kN 4.01/s 2.53 
1600mm 
Average 57.42 kN  2.41 
 
Table 7.3 Flexural tensile strength tests of fibre reinforced RPC in drop rig  
 
 
Figure 7.7 Strain rates versus DIF of flexural tensile strength 
 
It is seen that the fibre reinforcement significantly enhances the flexural tensile strength of 
RPC, it increases from 8.63 kN in plain beams to 23.9 kN in fibre reinforced beams (see 
Table 7.1 and 7.2). In the MTS higher loading rate experiments, fibre reinforced specimens 
exhibit less pronounced rate sensitivity than plain ones. Fibre reinforced beams show a DIF 
0.93 to 1.12 under strain rates ranging from 1.84 to 2.41E-2/s compared to DIF of 1.16 to 1.29 
under a rate of 8.63 to 8.74E-3/s by plain samples. In the drop hammer rig experiments, strain 
rates of 1.5 to 2.36/s were achieved with the corresponding DIF ranging from 1.76 to 2.39. 
Plain concrete beams achieved a greater DIF at relative lower strain rate. In other words, plain 
concrete is more rate sensitive than fibre reinforced concrete. This differs from previous 
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research obtained from direct tensile tests. Maalej et al. [60] stated that a fibre reinforced 
cementitious material (compressive strength 55MPa) exhibits much higher DIF than plain 
concrete under tensile testing. (1.9 DIF compared to 1.2 to 1.5 DIF at a rate of 2E-1/s).  
 
The DIF in plain concrete can be explained by the time taken for micro crack propagation in 
the matrix. In fibre reinforced beams, the fibres resist the spreading of the cracks – by 
bridging.  Therefore, the positive effect of crack spreading delay has already been partially 
accounted for by fibre reinforcement – resulting in higher failure strength under quasistatic 
loading. Subsequently, the influence of the higher loading rate on reducing crack development 
would be lessened. 
 
The failure of the beams was seen to be due to fibre pull-out rather than fibre fracture 
regardless of strain rates in the flexural experiments. This matches well with previous 
research [62] [67]. 
 
 
Figure 7.8 Cross section of broken beam (1600mm drop height) 
 
7.3 Compressive strength of plain and fibre reinforced RPC under impact 
loading 
 
Compressive strength of plain and fibre reinforced Reactive Powder Concretes are compared 
under quasistatic and impact loading in this section using cylindrical, cubic and prismatic 
specimens. The MTS machine is used to investigate the compressive strength under 
quasistatic loading, and the drop hammer rig is used for greater rate tests. 
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7.3.1 Compressive strength of plain RPC under quasistatic and impact loading 
 
Cylindrical (75×150mm), cubic (50mm) and prismatic (nominal 25×25×50mm) specimens 
were used in compression tests. Cylindrical and cubic samples were loaded in the MTS. The 
prismatic specimens were tested in the drop hammer rig.  Quasistatic experiments were 
conducted at a loading rate of 20 MPa/min.  
 
Compression of plain cylinder specimens in MTS 
  Compressive strength Loading rates Strain rate 
Specimen 1 125 MPa 20 MPa/min  
Specimen 2 129.66 MPa 20 MPa/min  
Specimen 3 107.3 MPa 20 MPa/min  
Quasistatic 
loading 
Average 120.66 MPa   
Loading rate  Compressive strength Strain rate DIF 
Specimen 1 143.24 MPa 1.9E-3/s 1.19 
Specimen 2 140.25 MPa 1.9E-3/s 1.16 
Specimen 3 154.26 MPa 1.9E-3/s 1.28 
300 kN/s 
Average 145.92 MPa  1.21 
Specimen 1 145.26 MPa 3.9E-3/s 1.20 
Specimen 2 146.87 MPa 3.9E-3/s 1.22 
Specimen 3 133.76 MPa 3.9E-3/s 1.11 
600 kN/s 
Average 141.97 MPa  1.18 
Specimen 1 154.98 MPa 4.5E-3/s 1.28 
Specimen 2 154.49 MPa 4.5E-3/s 1.28 
Specimen 3 137.59 MPa 4.5E-3/s 1.14 
700 kN/s 
Average 149.02 MPa  1.24 
Specimen 1 147.41 MPa 5.8E-3/s 1.22 
Specimen 2 139.66 MPa 5.8E-3/s 1.16 
Specimen 3 152.74 MPa 5.8E-3/s 1.27 
900 kN/s 
Average 146.61 MPa  1.22 
Specimen 1 150.04 MPa 7.8E-3/s 1.24 
Specimen 2 135.57 MPa 7.8E-3/s 1.12 
Specimen 3 139 MPa 7.8E-3/s 1.15 
1200 kN/s 
Average 141.54 MPa  1.17 
Specimen 1 150.96 MPa 9.7E-3/s 1.25 
Specimen 2 149.98 MPa 9.7E-3/s 1.24 
Specimen 3 153.64 MPa 9.7E-3/s 1.27 
1500 kN/s 
Average 151.53 MPa  1.26 
 
Table 7.4 Plain cylinder compression in the MTS 
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 Compressive strength tests of  plain concrete in the MTS
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Figure 7.9 Compressive strength tests of plain concrete in the MTS (low strain rates) 
 
The cylindrical specimens were used for high strain rate experiment in the MTS due to its 
ability to withstand greater force. Table 7.4 presents the relationship between strain rates and 
DIF. Overall, compressive strengths under a strain rate ranging from 1.9E-3 to 9.7E-3/s are 
greater than under quasistatic loading corresponding to a DIF ranging from 1.11 to 1.28. 
Zhaoxia and Yaoping found DIFs of 1.02 to 1.22, 1.03 to 1.33 for a rate ranging from 2E-7 to 
2E-1/s [33].  For normal strength concrete, Bischoff and Perry found DIFs of 1.54 under a 
rate of 9/s and a DIF of 1.61 under a rate of 5/s [68].  
 
50 mm cubes were tested in the MTS under quasistatic loading. Cubes were also cut into 
prisms (nominal size 25×25×50 mm) using a brick saw, and subjected to impact loading in the 
drop hammer rig.  
Compressive strength tests of plain concrete in the drop rig
1
1.1
1.2
1.3
1.4
1.5
1.6
0 5 10 15 20
Strain rate /s
D
IF
Load cell data
Strain gauges data
 
Figure 7.10 Compressive strength tests of plain concrete in the drop rig (high strain rates) 
 49     
 
Figure 7.9 and Figure 7.10 present plain specimen compressive strength test results from the 
MTS and drop hammer rig. The prismatic specimens are fully crushed by compression in the 
drop hammer rig. Peak loading rates were used to calculate strain rates. Under quasistatic 
loading, the ultimate compressive strength was 103 MPa. It was found that the compressive 
strength increased to 160 MPa at the rate of 9.58/s. It is clear that a higher compressive 
strength achieved under higher strain rates.   
 
The dates obtaining from strain gauge and load cell separately plot time versus loading 
graphic. The strain gauge and load cell output compared well. 
7.3.2 Compressive strength of fibre reinforced RPC under quasistatic and impact loading 
 
Cylinders, cubes and prisms of fibre reinforced concrete were produced and tested as for the 
plain concrete. 
 
Compression of fibre reinforced cylinder specimens in MTS 
  Compressive strength 
Loading 
rates 
Strain 
rate 
Specimen 1 112.3 MPa 20 MPa/min  
Specimen 2 124.5 MPa 20 MPa/min  Quasistatic loading 
Average 118.4 MPa   
Loading 
rate  
Compressive 
strength Strain rate DIF 
Specimen 1 154.08 MPa 6.49E-3/s 1.3 
Specimen 2 117.85 MPa 6.49E-3/s 1.0 1000 kN/s 
Average 135.96 MPa  1.15 
Specimen 1 150.17 MPa 9.74E-3/s 1.27 
Specimen 2 150 MPa 9.74E-3/s 1.27 1500 kN/s 
Average 150.08 MPa  1.27 
Specimen 1 139.97 MPa 1.62E-2/s 1.18 
Specimen 2 142.37 MPa 1.62E-2/s 1.20 2500 kN/s 
Average 141.17 MPa  1.19 
 
Table 7.5 Fibre reinforced compression in MTS 
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Figure 7.11 Compressive strength tests of fibre reinforced concrete in the MTS 
 
The results are shown in Table 7.5 and Figure 7.11 in the strain range from quasistatic to 
1.62E-2/s, the compressive strength of the fibre reinforced concrete increases from 118 MPa 
to 141 MPa. The peak compressive force of 150 MPa occurs at a strain rate of 1500 kN/s. It 
can be expected that greater strain rates achieve larger increments in compressive strength.  
 
Compressive strength test of cubic fibre reinforced concrete in the MTS 
  Compressive strength Loading rates DIF 
Specimen 1 112.61 MPa 20 MPa/min  
Specimen 2 120.35 MPa 20 MPa/min  
Specimen 3 123.74 MPa 20 MPa/min  
Quasistatic 
loading 
Average 118.9 MPa   
 
Table 7.6 Compress strength test of fibre reinforced cube in the MTS 
 
Compressive strength tests of prismatic fibre reinforced concrete in drop hammer rig 
Compressive strength 
(MPa) Strain rates (/s) DIF 
Drop 
height  Load cell Strain gauges Load cell Strain gauges Cell Gauges
Specimen 1 128.68 148.49 7.39 6.29 1.08 1.25 
Specimen 2 137.16 115.01 11.28 6.04 1.15 0.97 
Specimen 3 119.77 125 5.71 5.74 1.01 1.05 
800 mm 
Average 128.54 129.5 8.12 6.02 1.08 1.09 
Specimen 1 N/A 83.19 N/A 22.58 N/A 0.70 
Specimen 2 102.35 133.39 8.49 12.06 0.86 1.12 
Specimen 3 N/A 60.84 N/A 19.09 N/A 0.51 
1600 mm 
Average  92.47  17.91  0.78 
 
Table 7.7 Compressions of fibre reinforced cubic and prismatic specimens by MTS and drop 
hammer rig 
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Figure 7.12 Compressive strength of fibre reinforced concrete in the drop hammer 
 
Table 7.6, Table 7.7 and Figure 7.12 show test results for the prism tested in the drop rig and 
the cubes in the MTS. In the prismatic specimens the minimum fall height was raised to 800 
mm so as to achieve failure. Unlike the plain specimens where they completely crushed, the 
fibre reinforced specimens remained partly connected by fibres. Three specimens were tested 
at each height. The compressive strength is seen to increases from 119 MPa under quasistatic 
loading to 129 MPa under impact loading with corresponding strain rates of 5.7 to 11.3/s. 
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  8.0 CONCLUSIONS 
8.1 RPC mix design 
 
1. Mineral sourced Microsilica 600 was able to replace industrial silica fume in the 
reactive powder concrete offering a more reliable alternative.  
 
2. The compressive strength of RPC decreases as the silica fume dosage increases in the 
range of 15% to 35%. 
 
3. A water/binder ratio of 0.16 to 0.18 water/binder ration provided a higher compressive 
strength than other ratios in the range 0.14 to 0.20. The highest compressive strength 
136MPa was achieved at a 15% silica fume dosage with 0.16 water/binder ratio. 
 
4. Water/binder ratio has a significant influence on the mix time. The mix time decreased 
with the increase of water/binder ratio.  
 
5. The densities of RPC decreased with increase of silica fume content and water/binder 
ratio. 
 
6. Extended exposure at high temperature during curing increases the compressive 
strength regardless of humidity. 90ºC Hot Water Bath curing performed a higher 
compressive strength than a dry environment.  
 
7. The fibre addition does not significantly influence the compressive strength. 
 
8. Use of fine sand produces higher compressive strength than normal sand. The highest 
compressive strength was achieved with 1100kg/m³ of fine sand. 
8.2 Development of drop rig 
 
1. The concrete slab and fixing plates performed well under impact loading. 
 
2. The transmission bar and strain gauges performed well in impact tests 
 
3. It is possible to conduct high strain rate compression tests using the drop hammer rig. 
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4. The transmission bar is a successful method to assess dynamic compressive failure 
loads of concrete. 
 
8.3 Properties of RPC under impact loading 
 
1. The flexural tensile strength Dynamic Increase Factor of plain specimens is 
significantly greater than fibre reinforced specimens.  
 
2. The flexural tensile strength of plain concrete increases with the increase of strain rate 
in the range from quasistatic to 2/s. 
 
3. The flexural tensile strength Dynamic Increase Factor of fibre reinforced specimens 
increases with increase of strain rate in the range from quasistatic to 4/s. 
 
4. The compressive strength exhibits higher strain rate sensitivity in plain concrete 
compared to fibre reinforced concrete, especially in the high strain range
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1 INTRODUCTION 
 
Reactive powder concrete (a form of UHPFRC) was 
developed by Richard & Cheyrezy (1995). They re-
ported achieving compressive strengths in the range 
200-800MPa and fracture energies up to 40kj m-2 for 
different mix designs. Their approach involved 
elimination of coarse aggregates in order to enhance 
the homogeneity, the application of pressure before 
and during setting, heat treatment and incorporation 
of steel fibres to improve ductility (Richard & 
Cheyrezy 1995). The mechanical properties of 
UHPFRC are of great advantage in general applica-
tions where high strength and/or low mass are re-
quired.  Typical applications could include bridges, 
roofs, containers for nuclear waste, seismic-
resistance structures and structures designed to resist 
impact or blast loading. 
Concrete is a brittle and strain rate sensitive ma-
terial (Schmidt et al. 2004 & Barpi 2003). Li & 
Huang (1998) reported that the compressive strength 
of traditional cementitious material increases with an 
increasing strain rate in a range of strain rates from 
0.2 to 20,000 microstrain/s. Ross et al. (1995) con-
ducted quasi-static tests at strain rates of 10-7/s to 10-
3/s using a standard materials test machine and 
higher strain rate tests of 1.0/s to 300/s using a 
51mm diameter split-Hopkinson pressure bar.   
They observed that larger increases in the strength 
properties of concrete occurred at lower strain rates 
for tension than for compression. Ngo et al. (2004) 
presented results showing compressive strength en-
hancement factors up to 3.14 obtained using a Split 
Hopkinson pressure bar.  
Steel fibre and non-metallic fibre reinforced ce-
mentitious materials promise good ductility and im-
proved mechanical properties under impact loading. 
The dynamic strength of steel fibre reinforced con-
crete also increases with average strain rate (Banthia 
et al 1996, Bindiganavile & Banthia 2001). Lok & 
Zhao (2004) demonstrated the increase under com-
pressive loading in a study using a split Hopkinson 
bar. They observed that the dynamic enhancement 
factor increased linearly with strain rate and that at a 
strain rate of 10-1s-1 the factor was 1.1.  They also 
reported that the dynamic enhancement factor in 
creased approximately linearly to 1.8 at 100s-1 and 
that up to compressive strain rates between 10 and 
20s-1, the increase is not significant. They proposed 
two linear approximations relating strain rate to the 
dynamic enhancement factor 
Maalej, Quek & Zhang (2005) investigated the 
behavior of fibre reinforced concrete under tensile 
loading and concluded that there is a substantial in-
crease in the ultimate tensile strength with increas-
ing strain rate for strain rates up to 10-1s-1.   They 
reported an enhancement factor of 1.9 at a tensile 
strain rate of 0.2s-1.  They also reported that the en-
hancement factors for fibre reinforced specimens 
were significantly greater than those for plain con-
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ports on research that evaluates the impact-resistance of unreinforced and fibre enhanced Ultra High Perform-
ance Concrete.  In particular results are presented that demonstrate how the compressive and flexural 
behaviour change with loading rate.  Static results and results over a range of loading rates have been ob-
tained using conventional hydraulic loading apparatus and a purpose built drop-hammer rig.  Specimens in-
clude small beams and cylinders (of steel fibre reinforced and plain concrete).   
crete specimens – with the equivalent enhancement 
reducing from 1.9 to 1.2 for plain concrete.   
Research in the area of UHPFRC is limited and 
this paper reports on a study of plain and steel fibre 
reinforced UHPC under impact loading.  Tests have 
been conducted using a custom built drop hammer 
and a standard hydraulic test machine. Results from 
small beam tests and compressive cylinder tests are 
presented.   
2 TEST DETAILS 
2.1 Specimens 
Two types of specimen have been tested - concrete 
cylinders (150mm by 75mm diameter) and small 
beams (280mm × 70mm × 70mm) with a span of 
210mm. The cylinders were tested in a standard test 
machine (MTS test apparatus capable of load rates 
up to 2500kN/s) and the beams were tested in bend-
ing in both the MTS machine and in a custom built 
drop hammer rig. 
2.2 Mix design 
A UHPFRC mix design proposed by Rahman et al. 
(2005) was modified to suit locally available materi-
als and in particular the specified silica fume was 
replaced by Microsilica 600. Silica fume is a by-
product of producing silicon-metal or ferrosilicon al-
loys, the Microsilica 600 is produced from a natural 
material. Microsilica 600 meets the performance re-
quirements of the Australian Standard AS3582 (Mi-
crosilica 600 NZ 2006). The steel fibres are brass 
coated of length 13mm and diameter 0.2mm (L/D 
65).   
The specimens were taken out of the moulds 24 
hours after casting and immersed into 20°C water 
for a curing period of 3 days. After curing the 
specimens were heat treated at 160°C in an oven for 
24 hours. Cylinders were cut to a length of 150mm 
prior to compression testing. 
 
Table 1.  Mix design __________________________________________________ 
Materials        For 1 m³ __________________________________________________ 
Cement (GP)       955 kg 
Silica fume (Microsilica 600)  143 kg (15% of cement by wt) 
Fine sand (0.3-0.71mm sand)  1100 kg 
Superplasticizer (Glenium 51) 60 L 
Fibre mix: Steel fibres    1.5% Volume 
Water         164.7 kg __________________________________________________ 
2.3 Test procedures 
The drop hammer rig was purpose built in the school 
of civil and chemical engineering at RMIT Univer-
sity. The apparatus consists of guidance rails, drop 
hammer, electrical release mechanism and winch 
system. The hammer consists of a 30.1kg, 51 mm 
diameter steel bar with a hemispherical lower end 
which can be lifted using the winch system and 
dropped using an electrical release mechanism. The 
UHPFRC beams (Figure 1) were supported on two 
steel rollers (diameter 25 mm), a piezoelectric load 
cell was positioned beneath each roller. Data was 
collected from the load cells by means of a high 
speed (maximum 1MHz) data acquisition signal 
conditioning device and recorded on a PC.  A 
crushable load attenuator was used between the 
beam and the impacting bar in order to control the 
build up of force with time.  Higher load rates could 
be achieved by increasing the drop height, increas-
ing the strength of the load attenuator, or reducing 
the thickness of the load attenuator.  A minimum 
energy (and hence drop height) is necessary to fully 
break the specimens – however any additional en-
ergy must be absorbed in secondary impacts – with 
the base and fractured beam sections etc.  
 
 
 
Figure 1. Drop hammer and beam supports. 
 
A multi-purpose hydraulic test machine and asso-
ciated control/instrumentation software was em-
ployed for the static and slower rate experiments. 
The machine’s maximum static loading is 1000kN at 
a maximum loading rate of approximately 
2500kN/sec.   The same support conditions as for 
the drop rig (above) were adopted for the beams 
tested on this apparatus. 
2.4 Data processing 
Strain rates have been calculated from loading rates 
assuming Engineers’ Theory of Bending and a value 
of Young’s modulus of 35 GPa for both plain and 
fibre reinforced specimens.  The MTS (hydraulic) 
test machine produces a near linear increase of load 
with time and hence assessment of loading rate is 
straightforward.  The procedure was verified by 
testing a beam with both MTS instrumentation and 
the piezoelectric load cells and associated high 
drop hammer
load attenuator
load cell 
roller test beam 
speed logging equipment from the impact rig.   The 
results showed that the MTS instrumentation accu-
rately recorded force and time at high loading rates. 
Interpretation of results from the impact rig was not 
as straightforward because the loading rate varies 
throughout the event.  A typical impact pulse re-
corded during a test is shown in Figure 2 and it can 
be seen that the rate increases until failure occurs 
and the peak is achieved.   Consequently two ap-
proaches have been adopted and are shown dia-
grammatically on the same figure.  A lower bound 
rate is obtained by dividing the peak load by the 
overall time from start of impact to peak load – this 
is referred to as the mean value.  In addition, an up-
per bound value is obtained by taking the gradient of 
the curve just before the slope reduces prior to the 
peak value being achieved – this is referred to as the 
peak rate.   
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Figure 2. Evaluation of loading rate – typical curve 
3 RESULTS 
Tables 2 and 3 show the results of cylinder compres-
sion tests for plain and fibre reinforced UHPC re-
spectively.  The tests were conducted in the MTS 
hydraulic machine and the results presented are av-
erages of the three tests at each rate. 
 
Table 2.  Compressive dynamic enhancement factors for plain 
UHPC – MTS hydraulic apparatus __________________________________________________ 
Load rate  MPa   Strain rate /sec Dynamic factor __________________________________________________ 
static    120.7   0      1.00 
300kn/s   145.9   1.9E-3    1.21 
600kn/s   142.0   3.9E-3    1.18 
700kn/s   149.0   4.5E-3    1.24 
900kn/s   146.6   5.8E-3    1.22 
1200kn/s  141.5   l7.8E-3    1.17 
1500kn/s  151.5   9.7E-3    1.26 __________________________________________________ 
 
Table 4 shows the beam bending test results from 
the MTS machine.  The dynamic enhancement 
value is obtained by dividing the high strain rate re-
sult by the quasi-static value (obtained at the stan-
dard rate of 20MPa/min).  The maximum loading 
rate achievable depended on the strength and stiff-
ness of the specimen being tested. 
 
Table 3.  Compressive dynamic enhancement factors for fibre 
reinforced concrete (UHPFRC) – MTS hydraulic apparatus __________________________________________________ 
Load rate  MPa   Strain rate /sec Dynamic factor __________________________________________________ 
static    118.4    0      1.00 
1000kn/s  125.4 `   6.5E-3    1.14 
1500kn/s  150.1    9.7E-3    1.26 
2500kn/s  141.2    16.2E-3    1.20 
 
Table 4.  Flexural tensile dynamic enhancement factors – 
MTS hydraulic apparatus __________________________________________________ 
Specimen  Stress    Stress    Dynamic  
(quasi-static)  (high rate)        factor 
     Mpa     Mpa 
__________________________________________________ 
Plain beam  8.9    10.6 (8.7E-3/s)  1.23 
Fibre beam  23.9     24.5 (21.3E-3/s)   1.02 __________________________________________________ 
 
Figure 3 presents a plot of the dynamic enhance-
ment for the cylinder compressive tests.  It can be 
seen that there is no significant difference between 
the fibre reinforced and the plain concrete speci-
mens. 
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Figure 3. Dynamic enhancement factors for compressive 
strength – plain and fibre reinforced UHPC 
 
Figure 4 shows the results of the beam tests ob-
tained from the drop tests and the MTS apparatus - 
the strain rate (calculated as mid span tensile bend-
ing strain) is plotted against the dynamic enhance-
ment value (obtained by dividing the failure load by 
the quasi-static failure load). The results at strain 
rates less than 0.1S-1 have been obtained using the 
MTS apparatus. Drop heights from 150mm up to 
800mm were adopted throughout this work.  The 
trends clearly show an increase of strength with 
strain rate.  In addition it can be noted that as the 
MTS results show a significant increase in failure 
load over a relatively small increase in strain rate the 
trend lines have not been drawn through zero.   
 
mean rate 
peak rate 
Time (msec)
Fo
rc
e 
(k
n)
 
Compressive strain rate (/s)
D
yn
am
ic
 e
nh
an
ce
m
en
t f
ac
to
r 
fibre concreteplain concrete
00.5
1
1.5
2
2.5
3
3.5
4
0 0.5 1 1.5 2 2.5
 
 
Figure 4. Dynamic enhancement factors for flexural strength – 
plain and fibre reinforced UHPFRC 
4 DISCUSSION 
The results indicate a clear increase in both com-
pressive and flexural tensile strength with strain rate.  
The compressive tests show that the failure load in-
creases by a factor of 1.2 as loading rate is increased 
from quasi-static to 2×10-3 /s but then remains con-
stant up to 10-2 /s – the highest rate tested in com-
pression.  Maalej & Quek & Zhang (2005) reported 
a similar factor of 1.2 when testing plain concrete in 
tension.  Ngo et al. (2004) reported similar findings 
(dynamic enhancements up to 3) in compression but 
Lok & Zhao (2004) observed significantly lower 
dynamic enhancements of 1.1. 
At lower strain rates, up to 10-2 /s (using the hy-
draulic apparatus), the bending tests show a greater 
dynamic enhancement than at greater rates.  At 
higher rates (using the drop rig) the results show a 
steady linear increase of enhancement with strain 
rate up to the maximum rate tested where enhance-
ments of 3.5 for plain UHPC and 2.5 for fibre rein-
forced concrete (UHPFRC) were observed.  
Maalej & Quek & Zhang (2005) found that the 
tensile strength enhancement of fibre reinforced con-
crete was significantly higher than that for concrete 
at rates up to 0.2 s-1.  They explained this in terms 
of the microcracking being more distributed and the 
fibres bridging the cracks. The results shown here 
clearly exhibit a different trend with the fibre rein-
forced UHPFRC showing a reduced dynamic en-
hancement. This is apparent for both the rates below 
0.2 s-1 tested on the hydraulic apparatus and for the 
higher rates from the impact rig. The UHPFRC mix 
is the same for both the fibre reinforced and the 
plain specimens – the fibre reinforcement account-
ing for an increase in the quasi static flexural failure 
load from 9MPa to 24MPa.  In terms of the micro-
cracking, one might expect that in plain UHPC as 
the loading rate is increased the microcracks, faults 
and weaknesses cannot propagate in the short time 
and hence the required load to cause failure would 
be greater. For fibre reinforced concrete (UHPFRC) 
however the strength of the material is greater when 
tested quasi-statically because the fibres resist the 
spreading of the cracks – by bridging.  Hence for 
fibre reinforced concrete the advantage of delayed 
crack propagation has already been partially ac-
counted for - resulting in a greater quasi-static fail-
ure load.  Consequently the influence of the higher 
loading rate on reducing crack propagation would be 
lessened.  In addition any change of fibre-concrete 
bond strength characteristic would also change the 
effectiveness of the reinforcement.  It was observed 
that failure was due to fibre pullout rather than fail-
ure – and this did not change as the strain rate in-
creased.   
Strain rates have been calculated using the same 
value of Young’s Modulus for both fibre and plain 
specimens.  This has been justified on the basis of 
much previous research over the last 3 decades on 
fibre reinforced concrete that suggests that the un-
damaged stiffness will increase by less than 5% as a 
result of the small percentage (1.5% by volume) of 
fibres added.  In practice as the deformation in-
creases the extent of damage will increase and hence 
the effective stiffness will reduce.  It would be ex-
pected (and is observed in practice) that the crack-
bridging effect of the fibres would result in a lesser 
reduction of stiffness.  The adoption of a higher 
stiffness for the fibre reinforced results would result 
in those results being more consistent with those of 
the plain specimens.  However a factor of 3 would 
have to be applied in order to account for the differ-
ence observed.  Furthermore, by adopting the un-
damaged stiffness when assessing the enhancement 
factors, the factors achieved can be applied directly 
to a traditional (linear) bending analysis.   
 
5 CONCLUSIONS 
1 Plain UHPC and steel fibre reinforced UHPC ex-
hibit a significant increase in ultimate compres-
sive and flexural strength under dynamic loading.   
2 Plain UHPC exhibited a compressive strength 
enhancement factor of 1.2 at loading rates of 
2x10-3s-1.  Fibre reinforced UHPC showed a 
factor of 1.3 under rate of 1x10-3s-1. 
3 The flexural strength of plain UHPC shows sig-
nificant enhancement with strain rate. Enhance-
ment factors up to 3.5 at peak strain rates of 2s-1.  
Fibre reinforced specimens showed a lesser en-
hancement over this rate of loading with a peak 
factor of 2.4 observed.   
4 The addition of 1.5% (by volume) of steel fibre 
significantly increases the flexural strength of 
UHPC. However, there are no positive effects on 
Flexural tensile strain rate (/s) 
D
yn
am
ic
 e
nh
an
ce
m
en
t f
ac
to
r 
fibre peak rate
plain peak rate
plain mean rate 
fibre mean rate 
compression under quasi static and higher rate 
loading. 
 
6 ACKNOWLEDGEMENTS 
The authors would like to thank VSL for providing 
materials and technical advice in support of this 
work. 
REFERENCES 
Banthia, N. & Mindess, S. & Trottier JF. 1996 Impact resis-
tance of steel fiber reinforced concrete ACI Materials jour-
nal Vol. 93 No. 5 P472-78 
 
Barpi, F. 2004 Impact behavior of concrete: a computational 
approach Engineering fracture mechanics Vol.71 No.15 
P2197-2213 
 
Bindiganavile, V. & Banthia, N. 2001 Polymer and steel fiber-
reinforced cementitious composites under impact loading-
part 2: flexural toughness ACI Materials journal Vol.98 
No.1 
 
Gopalaratnam, VS. & Shah, SP. 1986 Properties of steel fibre 
reinforced concrete subjected to impact loading ACI Mate-
rials journal January-February. 1986 
 
Li, Z. & Huang, Y. 1998 Effect of strain rate on the compres-
sive strength surface cracking and failure mode of mortar 
ACI materials journal Vol.95 No.5 P512-18. 
 
Lok, TS. & Zhao, PJ. 2004 Impact response of steel fiber rein-
forced concrete using a split Hopkinson pressure bar Jour-
nal of materials in civil engineering ASCE Vol.16 No.1 
P54-9 
 
Maalej, M, & Quek, ST.  & Zhang, J. 2005 Behavior of hy-
brid-fiber engineered cementitious composition subjected 
to dynamic loading and projectile impact Journal of mate-
rials in civil engineering ASCE Vol.17 No.2 P143-52 
 
Microsilica NZ 2006 Microsilica 600 available at 
http://www.microsilica.co.nz/brochures/General.pdf Data 
accessed March 2006 
 
Ngo, T. & Mendis, P. & Hongwei, M. & Mak, S. 2004 High 
strain rate behavior of concrete cylinders subjected to uni-
axial compressive impact loading Deeks & Hao (eds) 2005 
Developments in mechanics of structures and materials 
London Taylor & Franics Group 
 
Rahman, S. & Molyneaux, T. & Patnaikuni, I. 2005 Ultra high 
performance concrete: recent application and research Aus-
tralian journal of civil engineering, Institution of engineers, 
Australia Vol.2 No.1, pp.13-20. 
 
Richard, P. & Cheyrezy, M. 1995 Composition of reactive 
powder concretes Cement Concrete Research Vol.25 No. 7 
P1501-1511 
 
Ross, CA. & Tedesco, JW. & Kuennen, ST. 1995 Effects of 
strain rate on concrete strength ACI materials journal Vol. 
92 No.1 P37-47. 
 
Schmidt, MJ. & Cazacu, O. & Green, ML. & Cristescu, ND. 
2004 A high pressure high strain rate elastic-viscoplastic 
model for cementitious materials XXI ICTAM 15-21 Au-
gust 2004 Warsaw Poland available at 
http://fluid.ippt.gov.pl/ictam04/text/sessions/docs/SM20/12
779/SM20_12779.pdf  Data accessed March 2006 
 
 
White, TW. & Soudki, KA. & Erki, MA. 2001 Response of 
RC beams strengthened with CFRP laminates and subjected 
to a high rate of loading Journal of composites for con-
struction Vol. 5 No. 3 P153-62 
 
 
